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Purpose: The aim of this work is to experimentally demonstrate the feasibility of x-ray acoustic 
computed tomography (XACT) as a dosimetry tool in a clinical radiotherapy environment.     55 
 
Methods: The acoustic waves induced following a single pulse of linac irradiation in a water 
tank were detected with an immersion ultrasound transducer. By rotating the collimator and 
keeping the transducer stationary, acoustic signals at varying angles surrounding the field were 
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using a previously developed simulation workflow. Profiles extracted from experimental and 
simulated XACT images were compared to profiles measured with an ion chamber. A variety of 
radiation field sizes and shapes were investigated.  
 
Results: XACT images resembling the geometry of the delivered radiation field were obtained 65 
for fields ranging from simple squares to more complex shapes. When comparing profiles 
extracted from simulated and experimental XACT images of a 4 cm × 4 cm field, 97% of points 
were found to pass a 3% / 3 mm gamma test. Agreement between simulated and experimental 
XACT images worsened when comparing fields with fine details. Profiles extracted from 
experimental XACT images were compared to profiles obtained through clinical ion chamber 70 
measurements, confirming that the intensity of XACT images is related to deposited ra iation 
dose. 77% of the points in a profile extracted from an experimental XACT image of a 4 cm × 4 
cm field passed a 7% / 4 mm gamma test when compared to an ion chamber measured profile. In 
a complicated puzzle-piece shaped field, 86% of the points in an XACT extracted profile passed 
a 7% / 4 mm gamma test.  75 
 
Conclusions: XACT images with intensity related to the spatial distribution of deposited dose in 
a water tank were formed for a variety of field sizes and shapes. XACT has the potential to be a 
useful tool for absolute, relative and in vivo dosimetry.  
 80 































I. INTRODUCTION  
 
Radiation dosimetry is a crucial process in radiation therapy (RT) to ensure that the correct 
amount of dose is accurately delivered to the desired location.1, 2 Ex vivo dosimetry, whether it be 100 
absolute or relative, refers to the measurement of radiation dose in a representative phantom, and 
is important for beam calibration, treatment planning, and quality assurance purposes. In vivo 
dosimetry is the measurement of radiation dose received by a patient during treatment. The 
International Atomic Energy Agency (IAEA) recommends that in vivo dosimetry be performed 
in patients undergoing new treatment techniques, after changes to software/equipment, single 105 
fraction treatments, and treatments with a curative intent where the dose received is potentially 
close to normal tissue tolerance.3
 
 Due to the increase in more advanced treatment delivery 
techniques, such as intensity modulated RT (IMRT) and volumetric arc therapy (VMAT), and 
stereotactic cases with single or hypofractionated deliveries, the demand and necessity for 
accurate and real-time in vivo dosimetry is likely to be on the rise. 110 
A wide variety of techniques are currently used for clinical dosimetry. The most established of 
these include ion chambers (ICs), diodes, thermoluminescent dosimeters (TLDs), optically 
stimulated luminescent dosimeters (OSLDs), metal oxide semiconductor field effect transistors 
(MOSFETs), electronic portal imaging devices (EPIDs), and film.4
 
 All of these techniques have 115 
limitations, whether it be they only give point measurements, are not real-time, are dose rate or 
energy dependent, or are not economical.  
The photoacoustic effect is a physical phenomenon discovered by Alexander Graham Bell 
whereby acoustic waves are induced following the absorption of heat energy from a pulsed 120 
photon beam.5 The rapid deposition of heat energy within a material leads to a localized 
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pressure distribution. This leads to the generation of acoustic waves that propagate throughout 
the medium. The properties of these acoustic waves are dependent on a number of factors, 
including the amount of heat energy deposited, he shape of the heat energy distribution, and the 125 
material properties of the sample.6 By detecting the acoustic waves at various angles surrounding 
the irradiated sample with a pressure sensor such as an ultrasound transducer or hydrophone, an 
image of the initial differential pressure distribution can be reconstructed. The photoacoustic 
effect has been exploited by photoacoustic imaging to form images with contrast based on 
optical photon absorption.7, 8
 
  130 
The generation of acoustic waves via the photoacoustic effect following x-ray irradiation was 
first demonstrated using x-rays produced by a high-energy synchrotron source.9 Bowen et al. 
showed the first experimental detection of acoustic waves induced following irradiation by a 
clinical radiotherapy linac photon beam.10 More recently, Xiang et al. proposed x-ray acoustic 135 
computed tomography (XACT), the x-ray equivalent of optical laser photoacoustic imaging.11 
They showed a preliminary demonstration of XACT by imaging a lead rod embedded in chicken 
breast tissue. XACT using pulsed x-ray tubes in the keV energy range has also been recently 
proposed as a novel imaging modality, and a resolution of 350 µm has been achieved using a 60 
ns x-ray pulse.12
 
  140 
Since contrast in XACT arises from a material’s differing x-ray absorption properties, it has long 
been proposed that detecting the acoustic waves induced following linac irradiation has potential 
applications in radiotherapy dosimetry.10, 11, 13 Recent research in this area has focused on the 
development of a comprehensive simulation workflow and experimental measurements to 145 
systematically evaluate the properties of linac irradiation induced acoustic waves,13 the use of 
hydrophones to detect the induced acoustic signals in an effort to improve signal to noise ratio 




Previous work on XACT has largely concentrated on investigating the acoustic signals induced 
following the irradiation of high-density materials, such as lead blocks, presumably due to the 
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XACT images in pure water in a variety of clinically relevant situations and to extract accurate 
dosimetric information from such images. The characteristics of the induced acoustic waves and 155 
resulting XACT images are investigated. Additionally, exp rimental and simulated XACT 
images are compared, and XACT is demonstrated to be a viable dosimetry technique by 
comparing profiles extracted from experimental XACT images to clinical ion chamber 









II. MATERIALS AND METHODS  
 
II. A. XACT experimental setup 170 
 
Experimental XACT images were acquired by irradiating a water tank using a clinical 
radiotherapy linear accelerator (linac). A 10 MV flattening filter free (FFF) photon beam 
produced by a TrueBeam™ (Varian Medical Systems, Palo Alto, CA) linac was used for 
irradiation. The linac was operated at a dose rate of 800 MU/min. Under these conditions, the 175 
linac runs at a pulse repetition frequency of 120 Hz and is calibrated to deliver 1.11 mGy per 
pulse at 2.4 cm, the depth of maximum dose. This corresponds to a per pulse temperature 
increase of 264 nK at the depth of maximum dose. Fig. 1 displays the linac pulse shape, which 
was found to have a full width at half maximum (FWHM) length of 4 µs, as determined through 
measuring the linac target pulse with an oscilloscope. Note that this pulse represents the pulse 180 
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Fig. 1. Linac target pulse produced by a Varian TrueBeam accelerator for a 10 MV FFF beam. The pulse has a 
FWHM length of 4 µs. 185 
 
As illustrated in Fig. 2, the water tank sat on the linac couch at a source to surface distance 
(SSD) of 100 cm. An unfocused, circular immersion ultrasound transducer with a central 
frequency of 0.5 MHz, a diameter of 25.4 mm, and a – 6 dB bandwidth of 64% (V301-SU, 
Olympus-NDT, Waltham, MA) was used to detect the induced acoustic waves. The transducer 190 
was placed 13.7 cm away from the center of the radiation field at the desired imaging depth, and 
oriented perpendicularly to the central axis of the linac photon beam. The output of the 
transducer was fed into a commercial preamplifier (5660B, Olympus- NDT, Waltham, MA) set 
to a gain of 60 dB with a -3 dB bandwidth of 20 kHz - 2 MHz. Signals were read out on an 
oscilloscope (InfiniVision, DSO-X 2012A, Agilent Technologies, Santa Clara, CA) situated at 195 
the treatment console. The linac target pulse was used to trigger the oscilloscope, signals were 
sampled at a sampling frequency of 4 MHz, and 512 signals were averaged for each acquisition. 
 
 
Fig. 2. Experimental set-up. (a) The immersion ultrasound transducer was positioned in the water tank at the depth 200 
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the transducer output was fed into a commercial preamplifier. Not pictured here is the oscilloscope used to read out 
the signal, which was ituated at the treatment console.  
 
The acoustic signals induced in the water tank following the irradiation of fields of various 205 
shapes and sizes were investigated. Square and rectangular fields were defined by the primary 
collimator, and the multi-leaf collimator (MLC) was used to create non-standard fields. Note that 
all quoted field sizes were defined at an SSD of 100 cm rather than the depth of imaging. For 
imaging studies where transducer signals were acquired at multiple angles around the irradiated 
field, the transducer was kept in a stationary position while t e collimator was rotated. Signals 210 
were acquired at 60 collimator positions, or every 6°. This step interval was chosen as a 
compromise between imaging speed and quality.   
 
II. B. Simulation workflow  
 215 
Simulated induced acoustic signals and XACT images were obtained using a previously 
developed and validated simulation workflow13 combining radiotherapy EGSnrc Monte Carlo 
dose simulations16, 17 and the acoustic wave transport simulation toolbox k-Wave.18 Simulated 
signals were convolved with the photon beam pulse shape shown in Fig. 1. A digital band-pass 
filter designed to match the frequency response of the experimental detection system was also 220 
applied to the simulated signals. Profiles extracted from simulated and experimental images were 







I I.C. Signal processing and image reconstruction 
 
Prior to reconstruction, both simulated and experimental transducer signals were processed with 230 
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Experimental images were inverted to account for the polarity change by the detection system, 
and all images were normalized such that the maximum pixel intensity was equal to one. 
 
II. D. Extract ion of dosimetric information from XACT images  235 
 
XACT forms images of the initial differential pressure distribution following a single pulse of 
linac irradiation. The relationship between deposited heat energy, H, and induced differential 
pressure, p, at a given location, r, is given by6
 240 
 
                                                        �(�) = �(�) ∙ Γ (�)                                                    (1) 
 
where Γ is the Grüneisen coefficient, a material specific constant indicating the conversion 
efficiency between deposited heat energy and pressure. Note that Eq. 1 assumes that all heat 
energy from a single radiation pulse is deposited instantaneously. Rewriting Eq. 1 in terms of 245 
radiation dose, D, yields  
 
                                            �(�) = �(�) ∙ � (�) ∙ �1 − � (�)� ∙ Γ (�)                                         (2) 
 
where � represents the physical density of the material at location r, a d k is the heat defect, 250 
which is the fraction of deposited energy that does not appear as heat. Since all mages were 
acquired in a homogeneous water tank, the density, heat defect, and Grüneisen coefficients are 
constant over all pixels, and the reconstructed XACT images are therefore relative dose images.  
 
I I.E. Ion chamber and XACT profile comparison  255 
 
To evaluate XACT as a potential dosimetry tool, dose profiles through the investigat d fields 
were obtained with ion chamber (IC) measurements in a 3D water tank as per standard clinical 
QA protocols. The Blue Phantom2 water tank dosimetry sytem and a CC13 ion chamber (IBA 
Dosimetry, Schwarzenbruck, Germany) were used.  This ion chamber has an active volum of 260 
0.13 cm3
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IC profiles and profiles extracted from experimental XACT images were quantitatively 
compared using gamma analysis.19 A gamma criteria of 7% / 4 mm was chosen based on the 
Radiology Physics Center complex dosimetry protocol recently used in a multi-center IMRT 265 
credentialing study.20
 
 The total gamma pass rate for a given profile was calculated for points in 





III. RESULTS  
 
III. A. Acoustic signal characteristics 275 
 
The simulated and experimental acoustic signals induced in a water tank following the 
irradiation of a 4 cm × 4 cm field at a depth of 10 cm are displayed in Fig. 3. At a depth of 10 
cm, the jaw-defined field size is 4.4 cm × 4.4 cm. The spatial locations of the field and 
transducer are aligned with the time domain acoustic signals assuming that the speed of sound in 280 
water is 1480 m/s. A rarefaction trough and compression peak pair is observed in the signal at 
each boundary of the radiation field. At boundary one (B1) where the dose gradient is from low 
to high, as observed by the transducer, the rarefaction trough precedes the compression peak. 
The reverse is true at boundary two (B2) where the dose gradient is from high to low, and the 
compression peak precedes the rarefaction trough. The near edge of the field is 11.5 cm from the 285 
transducer, which corresponds to a time of 78 µs, while the far edge of the field is 15.9 cm from 
the transducer, corresponding to a time of 107 µs. These times coincide with the middle of the 
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 290 
Fig. 3. The experimental and simulated transducer signals following the irradiation of a 4.  cm × 4.4 cm field and 
the spatial locations of the radiation field and transducer assuming the speed of sound in water is 1480 m/s. At 
boundary one (B1) the dose gradient is from low dose to high dose and the rarefaction trough precedes the 
compression peak. The compression peak precedes the rarefaction trough at boundary two (B2) where the dose 
gradient is from high to low. The field edges occur at 78 µs and 107 µs, coinciding with the middle of each 295 
rarefaction trough and compression peak pair. 
 
 
III. B.  XACT image characteristics  
 300 
The characteristics of XACT images were investigated experimentally and through simulations 
for a 4 cm × 4 cm field at depths of 2.4 cm and 10 cm. Fig. 4a and Fig. 4b display the 
experimental and simulated XACT images at a depth of 2.4 cm, while the images at a depth of 
10 cm are shown in Fig. 5a and Fig. 5b. The high intensity square in the center of the images 
represents the primary radiation field. A negative intensity ring artifact surrounding the field is 305 
observed in both experimental and simulated images, and appears more continuous in the images 
at 10 cm compared to those at 2.4 cm. In the images at a depth of 2.4 cm, a large decrease in 
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Fig. 4. (a) Experimental and (b) simulated XACT images of a 4 cm × 4 cm field at a depth of 2.4 cm.  
 
 





III. C. Extracting dosimetric information from XACT images 320 
 
To demonstrate the relationship between the intensity of XACT images and radiation dose, 
profiles were extracted from experimental and simulated XACT images and compared to IC 
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Fig. 6 compares XACT and IC profiles for the 4 cm × 4 cm field at 10 cm depth. The 
corresponding XACT images were shown in Fig. 5. The agreement of profiles was quantified 
using gamma analysis in the jaw-defined field region from -2.2 cm to +2.2 cm. When the 
experimental XACT profile is compared to the IC measured profile, 77% of points pass a 7% / 4 
mm gamma test, with the largest deviations occurring in the center of the field. Comparing the 330 
simulated and experimental XACT profiles, 97% of points pass a 3% / 3 mm gamma test.  
 
 
Fig. 6. Profiles extracted at Y= 0 mm from experimental and simulated XACT images of a 4 cm × 4 cm field at 10 
cm depth compared to the IC measured profile. 335 
 
Fig. 7 displays the ability of XACT to image a 6 cm × 3 cm field at 10 cm depth. Fig. 7a shows 
the experimental XACT image, while Fig. 7b displays the simulated XACT image. Fig. 7c and 
Fig. 7d compare the profiles extracted from the simulated and experimental XACT images in 
each dimension to IC measured profiles. Within the jaw defined field size regions, 100% and 340 
95% of experimental XACT profile points in the 3 cm and 6 cm dimensions, respectively, passed 
a 7% / 4 mm gamma test when compared to ion chamber measurements. Comparing simulated 
and experimental XACT profiles, 94% and 89% of experimental XACT profile points pass a 3 % 
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Fig. 7. (a) Experimental and (b) simulated XACT images of a 6 cm × 3 cm field at 10 cm depth. Comparison of 
profiles extracted from simulated and experimental XACT images and ion chamber measured profiles in the (c) 3 350 
cm (X=0) and (d) 6 cm (Y=0) orientations. 
 
Fig. 8 demonstrates the ability of XACT to reconstruct an off-centered field. Fig. 8a and Fig. 8b 
show the experimental and simulated XACT images, respectively, of a 4 cm × 4 cm field offset 
from center by 3 cm in both the negative X and Y directions. Fig. 8c shows the profiles extracted 355 
from the experimental and simulated XACT images along the x-axis at Y=-30 mm, compared to 
the IC profile. In the jaw-defined field extending from -52 mm to -8 mm, 79% of experimental 
XACT points pass the 7% / 4 mm gamma test when compared to IC measurements, and 59% of 
experimental points pass the 3% / 3 mm gamma test when compared to the simulated XACT 
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 365 
 
Fig. 8. (a) Experimental and (b) simulated XACT images of a 4 cm × 4 cm field centered at Y=-30 mm and X=-30 
mm at a depth of 10 cm. (c) Comparison of profiles extracted from experimental and simulated XACT images and 
IC measurements along the x-axis at Y=-30 mm. 
 370 
To test the ability of XACT to reconstruct complex fields, the MLCs were used to produce more 
complicated field shapes. Fig. 9 shows the investigation of a field pattern consisting of three 2 
cm × 6 cm rectangles separated by 1 cm, as depicted by the block diagram in Fig. 9a. Fig. 9b
and Fig. 9c show the experimental and simulated XACT images, respectively, for this field at a 
depth of 10 cm, while Fig. 9d compares profiles extracted from the experimental and simulated 375 
XACT images at Y=10 mm to the IC measured profile. In the jaw defined region from -44 mm 
to +44 mm, 63% of experimental XACT profile points pass a 7% / 4 mm gamma test when 
compared to IC measurements, while 64% of experimental XACT profile points pass a 3 % / 3 



















Fig. 9. (a) Block diagram showing the MLC positions projected to 100 cm SSD for a field pattern consisting of three 
2 cm × 6 cm rectangles separated by 1 cm gaps, where the white regions represent the primary beam. (b) 
Experimental and (c) simulated XACT image of the field at 10 cm depth and (d) comparison of profiles extracted 385 





To explore the spatial resolution possibilities of XACT, Fig. 10 investigates a field consisting of 
a 3.25 cm × 6 cm rectangle and a 3 cm × 6 cm rectangle, separated by 2.5 mm, as depicted by 
the block diagram in Fig. 10a. Fig. 10b and Fig. 10c show the experimental and simulated XACT 
images, respectively, of this field at a depth of 10 cm, while Fig. 10d compares profiles extracted 
from the simulated and experimental XACT images at Y=10 mm to the IC measured profile. 395 
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gamma test when compared to IC measurements, while 38% of the experimental XACT profile 











Fig. 10. (a) Block diagram showing the MLC produced field pattern at 100 cm SSD consisting of a 3.25 cm × 6 cm 
rectangle and a 3 cm × 6 cm rectangle separated by 2.5 mm. The white regions represent the primary beam. (b) 410 
Experimental and (c) simulated XACT images of the field at 10 cm depth. (d) Comparison of profiles extracted from 
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Fig. 11 demonstrates the ability of XACT to image a complex puzzle piece shaped field, whose 
block diagram is shown in Fig. 11a. The experimental XACT image at 10 cm depth is shown in 415 
Fig. 11b, while Fig. 11c shows the simulated XACT image. Figure 11d shows a comparison 
between the profiles extracted from experimental and simulated XACT images at Y=-15 mm to 
the corresponding IC profile. 86% of experimental XACT profile points between – 35 mm and + 
35 mm pass a 7% / 4 mm gamma test when compared to the IC profile, while 80% of 
experimental XACT profile points pass a 3 % / 3 mm gamma test when compared to the 420 





Fig. 11. (a) Block diagram showing the MLC produced field pattern at 100 cm SSD, where the white regions 
represent the primary beam. (b) Experimental and (c) simulated XACT images of the field at 10 cm depth. (d) 
Comparison of profiles extracted from experimental and simulated XACT images to IC measurements along the x-
















This article is protected by copyright. All rights reserved 
 
 
Table 1: Summary of gamma test pass rates for each investigated field considering the points in the jaw define field 
region. 435 
Field Profile location Gamma test pass rate  
(7% / 4 mm) 
Ion chamber vs. 
Experimental XACT 
Gamma test pass rate  
(3% / 3 mm) 
Simulated vs. Experimental 
XACT 
4 cm × 4 cm 
(Fig. 5-6) 
Y = 0 cm 77% 97% 
6 cm × 3 cm 
(Fig. 7) 
X = 0 cm 
(3 cm direction) 
100% 94% 
6 cm × 3 cm 
(Fig. 7) 
Y = 0 
(6 cm direction) 
95% 89% 
Off axis  
4 cm × 4 cm 
(Fig. 8) 
Y = - 3 cm 79% 59% 
Three rectangle 
(Fig. 9) 
Y = 1 cm 63% 64% 
2.5 mm gap 
(Fig. 10) 
Y = 1 cm 77% 38% 
Puzzle piece 
(Fig. 11) 




This work first investigated the properties of the induced acoustic signals in water following 
linac irradiation, as seen in Section III.A. Fig. 3 displays the acoustic signal from a 4.4 cm × 4.4 440 
cm field, and shows that a bipolar pulse is generated at each field edge. From photoacoustic 
theory, a single bipolar pulse is expected, however due to the limited bandwidth of the transducer 
used in this work the single bipolar pulse is split in two. This effect appears in the reconstructed 
XACT images as a decrease in signal intensity in the center of the field. This is especially 
noticeable in Fig. 4, where the imaging depth is 2.4 cm. In Fig. 5 at an imaging depth of 10 cm, 445 
out of plane acoustic signals help compensate for this effect. Thus, images acquired at 10 cm 
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As seen in Table 1, the agreement between profiles extracted from si ulated and experimental 
XACT images is best for the simpler 4 cm × 4 cm and 6 cm × 3 cm fields. The larger 450 
discrepancies for the more complex MLC fields are partly due to the inclusion of profile points 
receiving a low dose in the gamma analysis tests. Additionally, uncertainty in the MLC Monte 
Carlo model likely contributed to this disagreement. It was observed that gamma test pass rates 
worsened in MLC fields with spatially close dose gradients, such as the 2.5 mm gap pattern, 
compared to patterns where the details were spatially farther apart, such as the puzzle piece 455 
pattern. Both the experimental and simulated XACT images of the off axis 4 cm × 4 cm field 
appear distorted. This is likely due to the radiation field being spatially closeto the transducer, 
which causes signal distortions due to the spatial ch racteristics of the ultrasound transducer and 
noise from the linac pulse. A striking feature of both the simulated and experimental XACT 
images is the existence of pixels with a negative intensity. As per Eq. 2, negative XACT values 460 
imply a negative dose, which has no physical meaning. While this work used a simple back 
projection reconstruction algorithm, a more advanced reconstruction algorithm, such a  a model 
based inversion method that uses non-egative constraints,21
 
 could fix this problem.  
The agreement of profiles extracted from XACT images with conventional ion chamber 465 
measured profiles indicates that XACT images have intensity related to the deposited dose. 
While a gamma criteria of 7% / 4 mm is conservative and the pass rates presented in this paper 
may not be at clinically acceptable levels, these results are promising for a proof- -principle 
study. This opens the possibility of using XACT as a dosimetry technique not only f r relative 
water tank dosimetry, as shown in this work, but po entially also for in vivo dosimetry. In 470 
principle, XACT images could be formed during treatment by positioning ultrasound transducers 
around the patient. 
 
In this study, XACT images were obtained by rotating the collimator and keeping the transducer 
in a constant position. While this i  possible for homogeneous or perfectly symmetrical objects, 475 
such as a water tank, this technique is time consuming and would not work for many cases. 
Additionally, this implementation of XACT assumes a symmetric beam profile. Ideally, an array 
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signals would be simultaneously measured by each transducer. Thus, an XACT image could be 
formed in a matter of seconds. With a transducer array, the images presented in this paper could 480 
be acquired at a dose level of 0.56 Gy (1.11 mGy / pulse · 512 pulse averages) to the depth of 
maximum dose. It is possible that the number of signals averaged could be reduced, thus 
decreasing the dose.  
 
It is important to emphasize that the induced acoustic signal strength depends on the localized 485 
temperature increase following a single pulse of linac irradiation, as per Eq. 1. Since the heat 
defect in water varies little over the relevant range of linear energy transfer (LET) values in 
photon radiotherapy,22
 495 
 beams of different energies depositing the same dose per pulse will cause 
a similar temperature increase, and will therefore induce acoustic signals of a similar strength. 
However, the dose per pulse is not constant across all energies on the linac used in this work. 490 
Images were acquired using a beam energy of 10 MV FFFbecause this gave the largest dose per 
pulse, and therefore the highest signal to noise ratio. Since the dose rate on the linac is varied by 
changing the pulse repetition frequency and the dose per pulse remains constant, XACT is dose 
rate independent.  
There are numerous factors that could be optimized to improve agreement b tween experimental 
XACT and IC profiles. These include the number of transducer positions at which signals are 
obtained, signal processing and image reconstruction techniques, and transducer properties. 
Implementing more advanced image reconstruction techniques is expected to be crucial for the 
success of XACT, especially in vivo where acoustic wave attenuation and scattering will affect 500 
the detected signals. In this case, acoustic properties could be extracted from a patient computed 




Fig. 10 demonstrated the ability of XACT to resolve a 2.5 mm gap in the dose distribution. 505 
Ultimately, spatial resolution on the order of 0.5 mm – 3 mm would be desirable for in vivo 
dosimetry, since stereotactic treatment is typically planned on CT scans with a slice thickness of 
1 mm – 3 mm.25 To achieve this desired spatial resolution, appropriately d signed transducers 
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resolution in water to 3 mm. Increasing the transducer central frequency to 3 MHz would 510 
improve the achievable spatial resolution to 0.5 mm. While there is always a trade-off between 
ultrasound attenuation and resolution, the increase in ultrasound attenuation in water at a 
frequency of 3 MHz compared to 0.5 MHz is 0.018 dB/cm, and is therefore not a concern.18 
Another interesting factor that could be explored to improve spatial resolution is the width of the 
linac photon pulse. From photoacoustic theory, shorter pulses are expected to improve resolution 515 
since the energy is deposited in a shorter period of time.6
 
 Additionally, assuming the integral 
energy delivered by the pulse is kept constant, decreasing the pulse width would also increase the 
amplitude of induced acoustic signals.  
XACT has many advantageous characteristics that make its implementation as a radiotherapy 520 
dosimeter attractive. First, XACT is a real-time technique, meaning in vivo images could be 
obtained during treatment to ensure the delivered dose distribution is as expected. Also, provided 
that the transducers are placed outside of the beam path, XACT does not perturb the beam, 
eliminating the need for the perturbation correction factors required by many other dosimetry 
techniques. Additionally, induced acoustic signals are linearly related to the amount of dose 525 
deposited, and are energy independent over photon energies of interest in radiotherapy. Using 
Eq. 2 which relates pressure to deposited dose, XACT could be used as an absolute dosimetry 
technique provided that the heat defect, physical density, and Grüneisen coefficient are 
accurately determined and the transducer and amplification system is well defined and 
calibrated.  530 
 
While the term photoacoustic effect implies that a pulsed beam of photons is used to induce 
acoustic waves, a similar phenomenon has been observed with pulsed proton beams. Due to the 
importance of range verification in proton radiotherapy,26 the acoustic waves induced following 
proton beam irradiation have been investigated experimentally and through simulations by a 535 
number of groups,27–34 with the ultimate goal being to develop an in vivo technique capable of 
localizing the Bragg peak. While proton beams have different energy deposition mechanisms and 
beam profile characteristics than photon beams, the same principles from XACT apply since 
ultimately the induction of acoustic waves is dependent on heat energy deposition. Thus the 
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signal processing/reconstruction techniques, could also be extended to imaging the dose 
distributions deposited by proton beams.     
V. CONCLUSION 
 
This work demonstrates that XACT images with intensity related to the amount of radiation dose 545 
deposited within a soft tissue mimicking object can be obtained for a variety of field sizes and 
shapes. Profiles extracted from XACT images were quantitatively compared toprofiles obtained 
through ion chamber measurements. While this technique is still in its infancy and much work is 
required to optimize the detection of induced acoustic waves and the reconstruction of XACT 
images, this work indicates that XACT has potential in relative water tank and possibly in vivo 550 
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